Introduction
============

Nanotechnology is a rapidly growing industry which promises tremendous scientific and economic potential. Engineered nanomaterial, particularly, nanoparticles have successfully drawn international attention owing to the novel physico-chemical properties they offer. Among the metallic nanomaterial, silver nanoparticles (Ag-np) currently have the highest degree of commercialization due to their anti-microbial potential (Ip et al., [@B22]), which made them component of wound-dressing, bandages, catheters, and plenty of other medical devices. Ag-np have also been shown to have less chance of drug resistance (Barbu et al., [@B9]). Ag-np have been the center of attention in nanotechnology development for several other reasons too. Ag-np can be synthesized easily through chemical reaction by reducing the silver salt using a reducing agent to produce small Ag-np and a surfactant to prevent unwanted agglomeration of Ag-np (Wiley et al., [@B55]). Ag-np display long-term stability at room temperature in aqueous medium with small changes in morphology, shape, and size (Pinto et al., [@B39]). These properties are particularly important for Ag-np to control their fate, transport, and bioavailability in both *in vitro* and *in vivo* models.

Apart from the ease of synthesis and superior optico-chemical properties, Ag-np causes significant cytotoxicity and genotoxicity which are closely associated with resulting oxidative stress and inflammatory responses (Carlson et al., [@B14]; Asharani et al., [@B6]; AshaRani et al., [@B7]). The cytotoxicity of Ag-np is an active research topic while genotoxicity is comparatively much less explored. Evidence from published reports has shown that Ag-np induces DNA damage (DNA double-strand breaks, DSBs) and chromosomal aberrations such as acentric and dicentric chromosomes, chromosomal fusions, and fragments (Ahamed et al., [@B1]; Asharani et al., [@B6]; AshaRani et al., [@B7]). Up-regulation of DNA damage-signaling proteins, RAD51 and phosphorylated H2AX (γ-H2AX), indicative of signaling events were recorded in Ag-np exposure (Ahamed et al., [@B1]; Asharani et al., [@B5]). However, these findings were primarily focused only on the toxicological endpoints. The complex molecular interplay triggering the onset and downstream signaling cascades in response to Ag-np induced DNA damage, in particular, DNA damage repair are largely unexplored.

DNA dependent protein kinase, DNA-PK is a nuclear, serine/threonine protein kinase consisting of a 470-kDa catalytic subunit (DNA-PKcs) and a heterodimeric regulatory complex Ku70/80 (Smith and Jackson, [@B49]; Doherty et al., [@B17]). This kinase functions as a notable caretaker of genome (Lees-Miller and Meek, [@B28]) and mediates non-homologous end-joining (NHEJ) pathway, the main DNA repair pathway responsible for DSB repair in mammalian cells (Hefferin and Tomkinson, [@B20]; Sonoda et al., [@B50]). In the current study, we, for the first time, provide mechanistic insights on Ag-np induced DNA damage and repair in mammalian cells with primary interest revolving around the role of DNA-PKcs in response to DNA damage. Chemical inhibition of DNA-PKcs activity with NU7026 was performed to further substantiate the role of DNA-PKcs in our model. It is concluded that DNA-PKcs is responsible for the repair of Ag-np induced DNA damage and may protect the genome from the toxic effects of Ag-np. The absence of functional DNA-PKcs greatly enhanced the genotoxicity of Ag-np in mammalian cells.

Results
=======

Characterization of Ag-np
-------------------------

Characterization of Ag-np was carried out in order to determine the shape, size, state of dispersion, absorbance, and charge which are major determinants of nanoparticle toxicity. Transmission electron microscopy (TEM) analysis revealed that the nanoparticles employed in this study were spherical in shape and mono-dispersed (Figure [1](#F1){ref-type="fig"}A). UV--vis spectroscopy showed an absorption maximum at around 400 nm indicating a stable homogenous nanoparticle suspension with narrow size distribution (Asharani et al., [@B8]; Figure [1](#F1){ref-type="fig"}B). The size distribution analysis showed nanoparticles of size between 12 and 40 nm with an average diameter of 20 nm (Figure [1](#F1){ref-type="fig"}C). Zeta potential is a measurement of the charge of the synthesized nanoparticles. The Ag-np has zeta potential value of −0.309 ± 0.13 mV (Figure [1](#F1){ref-type="fig"}D). The elemental composition of the nanoparticles synthesized was further confirmed through elemental analysis. Data indicated that the Ag-np used in our investigations contain an average weight percentage of 15.24% of silver (Figure [1](#F1){ref-type="fig"}E).

![**Ag-np characterization**. **(A)** Typical transmission electron microscopy (TEM) image, **(B)** UV-visible spectrum, **(C)** size distribution, **(D)** zeta potential, and **(E)** elemental analysis of silver nanoparticles (Ag-np) reconstituted after lyophilization. TEM images were captured with JEOL JSM 1220. The size distribution and zeta potential of Ag-np was measured with Zetasizer Nano.](fgene-03-00104-g001){#F1}

Cells lacking functional DNA-PKcs are more sensitive to Ag-np induced reduction in cell viability
-------------------------------------------------------------------------------------------------

To understand how DNA-PKcs affects viability of cells under the influence of Ag-np, luminescence based cell viability assay was performed on Ag-np treated DNA-PKcs proficient and deficient cells. To further validate the role(s) of DNA-PKcs, cells were treated with DNA-PKcs inhibitor, NU7026, and the results were compared with DNA-PKcs deficient cells. Normal human cells, IMR-90, showed less susceptibility to Ag-np induced cell damage (Figure [2](#F2){ref-type="fig"}A). Interestingly, the human DNA-PKcs proficient glioblastoma cells, MO59K, displayed significant dose-dependent decrease in cell viability after treatment with Ag-np. Human DNA-PKcs deficient glioblastoma cells, MO59J, were less sensitive to Ag-np exposure and showed no obvious decrease in cell survival with increasing doses (Figure [2](#F2){ref-type="fig"}B). DNA-PKcs deficient Chinese hamster cells, CHO V33 cells, showed greater reduction in cell viability than DNA-PKcs proficient CHO AA8 cells at all doses (Figure [2](#F2){ref-type="fig"}C). In IMR-90, MO59K, and CHO AA8 cells pre-treated with NU7026, there was significant decrease in cell viability compared to their respective proficient cells without NU7026. These observations suggest a potential role played by DNA-PKcs in supporting cell survival in response to Ag-np treatment.

![**Cell viability in mammalian cells following Ag-np treatment**. Cell viability of **(A)** IMR-90 cells, **(B)** MO59K and MO59J cells, and **(C)** CHO AA8 and CHO V33 cells after 48 h treatment with Ag-np at different concentrations is shown. The cell viability percentage was normalized against the untreated controls (0 μg/ml) for Ag-np treatment alone or DMSO control (0 μM) for each cell type pre-treated with NU7026 (10 μM). The values represent the mean ± standard error of three sets of independent experiments; \*denotes *p* \< 0.05; \*\*denotes *p* \< 0.01; and \*\*\*denotes *p* \< 0.001 as obtained using Student's *t*-test, where the statistical significance between controls and Ag-np treated samples was analyzed.](fgene-03-00104-g002){#F2}

In addition, we have observed that MO59K cells are more susceptible to Ag-np as compared to IMR-90 cells, which are the representatives of cancer and normal cell population, respectively. The difference in survival between the IMR-90 and MO59K cells following Ag-np treatment became notable at 60 μg/ml and above (Figures [2](#F2){ref-type="fig"}A,B).

Lack of functional DNA-PKcs shows compromised repair capacity for Ag-np induced DNA damage
------------------------------------------------------------------------------------------

Earlier reports have demonstrated a critical role for DNA-PKcs in DNA repair via NHEJ pathway (Gilley et al., [@B18]; Jackson, [@B23], [@B24]; Uematsu et al., [@B54]). We examined whether NHEJ pathway is responsible for the repair of the DNA damage induced by Ag-np with regards to the status of DNA-PKcs in mammalian cells. Single-cell gel electrophoresis (also known as Comet assay) under alkaline condition (pH 13) was used to determine the DNA damage induced by Ag-np. DNA damage such as DSBs, single-strand breaks, and alkali labile sites were measured using Comet assay. Representative images of comet analysis are shown in Figures [3](#F3){ref-type="fig"}Ai,ii Nuclei with undamaged DNA appear round; nuclei with damaged DNA result in DNA fragments which migrate faster during gel electrophoresis and give rise to a "tail." The tail moment (product of tail length and fraction of DNA) was used as a measure of DNA damage. As presented in Figure [3](#F3){ref-type="fig"}B, IMR-90 cells are less susceptible to Ag-np as data show minimal increase in DNA damage (1.5 μm) after 48 h treatment. The tail moment in MO59K cells increased from 0.9 to 3.3 μm after treated with Ag-np. To our surprise, we observed that MO59J cells did not show severe DNA damage after Ag-np exposure. Instead, the DNA damage in MO59J cells (3.3 μm, *p* \< 0.05) are comparable to MO59K after Ag-np exposure. This observation is in agreement with our cell viability data for MO59J cells which showed lesser susceptibility to Ag-np. CHO V33 showed much higher total DNA damage induced (21 μm) as compared to CHO AA8 (3.3 μm). Induction of DNA damage by Ag-np in IMR-90 cells was increased significantly after pre-treatment of NU7026 (4 μm, *p* \< 0.01; Figure [3](#F3){ref-type="fig"}B). MO59K cells pre-treated with NU7026 showed greater DNA damage (5.8 μm, *p* \< 0.05) compared to MO59K cells without NU7026 treatment. Pre-treatment with NU7026 renders higher sensitivity in CHO AA8 cells to Ag-np induced DNA damage (9.3 μm). Collectively, the data imply an essential role played by DNA-PKcs in DNA repair upon Ag-np exposure.

![**Induction of DNA damage in Ag-np treated cells**. DNA damage as measured by the Comet assay in different cell types following 48 h treatment with Ag-np (100 μg/ml). **(A)** Representative of SYBR Green-stained comets prepared from control **(i)** and Ag-np treated cells **(ii)**. Magnification = 20×. **(B)** Mean tail moment (μm) represents the damage distribution in the attached cells. Mean ± standard error of three sets of independent experiments are shown. \*Denotes *p* \< 0.05 and \*\*denotes *p* \< 0.01.](fgene-03-00104-g003){#F3}

To investigate whether the Ag-np induced DNA damage could be recovered, Ag-np containing media were removed 48 h post treatment and following which cells were incubated with fresh media without Ag-np for another 48 h (Figure [3](#F3){ref-type="fig"}B). Our data showed that the DNA damage was repaired (0.9 μm) in IMR-90 cells following 48 h of recovery. DNA damage was persisted in both MO59K cells (3.6 μm, *p* \< 0.01) and MO59J cells (3.2 μm, *p* \< 0.05). In CHO AA8 cells, the DNA damage was enhanced significantly after recovery (10.4 μm, *p* \< 0.01) meanwhile we observed that the DNA damage remained high in CHO V33 cells (18.8 μm, *p* \< 0.01). Similarly, IMR-90 cells pre-treated with NU7026 showed recovery from DNA damage (1.3 μm) whilst DNA damage was enhanced in both NU7026 pre-treated MO59K cells (15.8 μm) and CHO AA8 cells (20.7 μm, *p* \< 0.01).

DNA-PKcs deficiency or inhibition increases Ag-np induced genome instability
----------------------------------------------------------------------------

The activities of repair pathways and their coordination with other cell functions are regulated by a DNA damage-signaling network. Dysregulation of this network would significantly impair the coordinated effort to repair DNA damage thus can contribute to genomic instability (Shen, [@B47]). In the present study, we show that the DNA repair was compromised when functional DNA-PKcs was lacking in the cells. To examine whether Ag-np induce genome instability when the repair network is dysregulated in the absence of functional DNA-PKcs, we used micronuclei induction, a chromosome instability marker, to assess if loss or inhibition of DNA-PKcs renders cells more susceptible to Ag-np induced genomic instability. Micronuclei in the resulting binucleated cells were scored following exposure to Ag-np. Representative images of binucleated cells with and without micronuclei are shown Figures [4](#F4){ref-type="fig"}Ai,ii respectively.

![**Induction of micronuclei in cells following Ag-np treatment**. **(A)** Representative image of binucleated cells without **(Ai)** and with micronuclei **(Aii)**. White arrow **(Aii)** indicates the micronucleus formed among the binucleated cells. Cells and nuclei were stained with acridine orange (30 μg/ml). Magnification = 60×. **(B)** Data from CBMN show chromosomal aberrations. The data represent 1000 binucleated cells. \*Denotes *p* \< 0.05 and \*\*denotes *p* \< 0.01.](fgene-03-00104-g004){#F4}

As shown in Figure [4](#F4){ref-type="fig"}B, the percentage of micronuclei in IMR-90 cells was increased from 1.4 to 2.7% after Ag-np treatment. There is no significant increase in the percentage of micronuclei in IMR-90 cells pre-treated with NU7026 followed by Ag-np treatment (2.9%) indicating the fact that normal cells were able to safeguard the stability of genome even without functional DNA-PKcs. In Ag-np treated MO59K cells, there was 2.4-fold increase in percentage of micronuclei from 1.3 to 3.1%. MO59K cells pre-treated with NU7026 showed 4.2-fold after Ag-np exposure, compared with that of the control group, which is a higher increase in micronuclei percentage (5.4%) compared to Ag-np treatment alone. In agreement with comet data, there was no increase in micronuclei percentage in MO59J cells without (3.5%) and with Ag-np treatment (3.2%). The loss of DNA-PKcs sensitized CHO V33 cells to Ag-np and resulted in higher increase in micronuclei percentage from 4.7 to 8.1% compared to CHO AA8 cells from 1.3 to 1.6% micronuclei. CHO AA8 cells pre-treated with NU7026 are more susceptible to genome instability with higher percentage of micronuclei (3.8%) after Ag-np exposure compared to Ag-np treatment alone. The results observed in CHO V33 cells, NU7026 pre-treated MO59K cells and CHO AA8 cells following Ag-np treatment imply that both Chinese hamster cells and human brain cancer cells are sensitized to Ag-np induced genome instability when they lack functional DNA-PKcs.

Ag-np induce DNA DSBs in mammalian cells
----------------------------------------

Earlier studies have shown that metallic nanoparticles can induce DNA damage either directly through physical assault (Ahamed et al., [@B1]; Asharani et al., [@B6]; AshaRani et al., [@B7]) or indirectly by triggering the production of oxidative stress (Asharani et al., [@B6]) or both. Studies have also indicated that DNA damage and repair proteins responsible for DSBs were shown to be up-regulated in response to Ag-np treatment (Sun and Ding, [@B51]). Our results reveal that total DNA damage is greater in Ag-np-treated DNA-PKcs deficient or inhibited cells than DNA-PKcs proficient cells or normal mammalian cells. Therefore, we looked at DSBs in the cells since DNA-PKcs plays pivotal role in DSB repair in mammalian cells. As previously reported, DSBs can induce phosphorylation of histone H2AX at serine 139 (Rogakou et al., [@B45], [@B44]). The phosphorylated form of histone H2AX is termed γ-H2AX and it is considered as an excellent marker for DSBs since γ-H2AX is one of the first proteins recruited to the site of DSBs upon induction (Rogakou et al., [@B45], [@B44]). Immunofluorescence based γ-H2AX foci assay and western blot analysis had been carried out to assay DSBs. The results showed that multiple γ-H2AX foci were induced indicating the presence of DSBs. Our data indicate that there was an increase in the number of γ-H2AX foci in the nuclei of treated cells (Figure [5](#F5){ref-type="fig"}Aii) compared to untreated control cells (Figure [5](#F5){ref-type="fig"}Ai). In IMR-90 cells, number of γ-H2AX foci increased after 48 h treatment but decreased following 48 h of recovery in fresh medium. Similarly, in IMR-90 cells pre-treated with NU7026, highest number of foci were observed at 24 h post treatment and decreased thereafter. This implies that normal human cells are capable of repairing DSBs even when DNA-PKcs activity was chemically inhibited (Figure [5](#F5){ref-type="fig"}B). In contrast, there was time dependent increase in γ-H2AX foci in MO59K cells and CHO AA8 cells. The number of foci has persisted or further increased significantly after 48 h of recovery indicating persistence of DSBs. In addition, higher number of foci detected in MO59K cells and CHO AA8 cells infers higher susceptibility of these cells to Ag-np induced DSBs compared with IMR-90 cells. Interestingly, significantly low number of γ-H2AX foci was observed in MO59J cells and CHO V33 cells which is not line with our hypothesis that more DSBs are expected to be produced in cells lacking functional DNA-PKcs (Figure [5](#F5){ref-type="fig"}B). γ-H2AX protein expression data as measured by Western blotting are in agreement with observations deduced from the foci assay (Figure [5](#F5){ref-type="fig"}C). The protein expression level of γ-H2AX in IMR-90 cells was highest at 48 h post treatment and decreased after 48 h of recovery. Similar observation was made for in NU7026 pre-treated IMR-90 cells (Figure [5](#F5){ref-type="fig"}C). Both MO59K cells and CHO AA8 cells showed time dependent increase in γ-H2AX protein expression and the expression was greatly enhanced after 48 h of recovery. γ-H2AX expression was not detected in MO59J cells. The expression level of γ-H2AX in CHO V33 was relatively low compared with CHO AA8 cells (Figure [5](#F5){ref-type="fig"}C).

![**Induction of DNA double strand breaks in response to Ag-np treatment**. **(A)** Representative of immunofluorescence images of γ-H2AX foci without **(Ai)** and with **(Aii)** 100 μg/ml Ag-np treatment, detected with anti-γ-H2AX antibodies. Nuclei were stained with DAPI (blue) and γ-H2AX was stained green with FITC. Magnification = 60×. **(B)** Represents mean no. of γ-H2AX induced in various cell types. \*Denotes *p* \< 0.05. **(C)** Western blots analysis of γ-H2AX following Ag-np treatment. Whole cells were trypsinized and lyzed. Equal amounts of proteins were loaded and separated using 12% SDS-PAGE, transferred to nitrocellulose membrane and immunoreacted with antibodies against proteins of interest. Actin was used as loading control. R denotes 48 h recovery.](fgene-03-00104-g005){#F5}

Ag-np induced DSBs trigger the activation of DNA-PKcs and ATM
-------------------------------------------------------------

As explained above, Ag-np induce DSBs in treated mammalian cells. Since DNA-PKcs mediates NHEJ repair pathway, which is the primary DSB repair pathway in mammalian cells, we examined whether DNA-PKcs expression and activation (in term of phosphorylation) will be triggered under the influence of Ag-np. We have also included investigation of Ataxia-telangiectasia mutated (ATM), a key signal transducer in the DNA damage response in order to understand further the DNA damage potential of Ag-np in our model. Western blot analysis revealed that IMR-90 cells treated with Ag-np show neither up-regulation nor increase in phosphorylation of DNA-PKcs. There was no significant difference in the expression level of this protein in IMR-90 cells pre-treated with NU7026 followed by Ag-np treatment as verified by densitometry. There was 2.2-fold increase in phosphorylated ATM in Ag-np treated IMR-90 cells and 2.3-fold increase in NU7026 pre-treated IMR-90 cells after Ag-np exposure (Figures [6](#F6){ref-type="fig"}A,D). As shown in Figures [6](#F6){ref-type="fig"}B,E, Ag-np treated MO59K cells showed activation and up-regulation of DNA-PKcs and ATM. There was 1.7-fold increment in phosphorylated DNA-PKcs and 4.3-fold increase in phosphorylated ATM. DNA-PKcs was not detected in MO59J cells. Similar results were obtained for CHO AA8 cells following treatment with Ag-np; phosphorylated DNA-PKcs increased by 3.3-fold and phosphorylated ATM by 4.4-fold. DNA-PKcs remained undetected in CHO V33 (Figures [6](#F6){ref-type="fig"}C,F). These data suggest the induction of DNA damage in all the tested mammalian cell types. It is possible that similar repair mechanisms are initiated in human glioblastoma cells and Chinese hamster cells in response to Ag-np exposure. Higher levels of activated DNA-PKcs and ATM were detected in MO59K and CHO AA8 cells compared to normal human cells. This is in agreement with our above observations in which more DSBs were shown to be induced in MO59K and CHO AA8 cells and therefore higher amount of the DNA repair proteins were activated to repair the DSBs induced compared to IMR-90 cells.

![**Ag-np upregulated and activated DNA-PKcs and ATM in mammalian cells**. Western blot analysis of DNA-PKcs and ATM following 48 h Ag-np treatment (100 μg/ml) and NU7026 (10 μM) in **(A)** IMR-90 cells, **(B)** MO59K cells and MO59J cells, and **(C)** CHO AA8 cells and CHO V33 cells. **(D--F)** Fold change for protein levels were obtained by densitometry analysis of X-ray films using Kodak molecular imaging software and normalized against actin levels to represent accurate values for proteins which deviated from the control.](fgene-03-00104-g006){#F6}

We analyzed the levels of phosphorylated ATM in MO59J cells and CHO V33 cells in comparison with MO59K cells and CHO AA8 cells, respectively. Results show that phosphorylated ATM level remained low in both treated and untreated MO59J cells and CHO V33 cells (Figures [6](#F6){ref-type="fig"}B,C,E,F). The low level of ATM in MO59J cells and CHO V33 cells can be correlated to the mutated status of p53 in these cells.

DNA-PKcs deficiency or inhibition induces greater G2/M arrest and cell death in Ag-np treated cells
---------------------------------------------------------------------------------------------------

DNA damage to cells causes cell cycle arrest. Cells with irreversible damage might undergo apoptosis, giving rise to accumulation of cells in sub-G1 phase (Canman et al., [@B13]; Boonstra and Post, [@B11]). We show here that Ag-np induce more significant DNA damage and genome instability in cells lacking functional DNA-PKcs (Figures [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). To examine whether the extensive DNA damage induced in DNA-PKcs deficient or inhibited cells will perturb the cell cycle progression, cell cycle analysis was performed. We have previously shown that Ag-np induced G2/M arrest in cells (AshaRani et al., [@B7]). Cell cycle profiles of DNA-PKcs deficient or DNA-PKcs inhibited cells were compared with respective DNA-PKcs proficient cells.

As shown in Figure [7](#F7){ref-type="fig"}A, there was no phase shift in IMR-90 cells with and without NU7026 pre-treatment at increasing doses. MO59K cells exhibited a dose-dependent increase in S and G2/M phase up to 60 μg/ml (1.7-fold, *p* \< 0.05), above which the value remained constant, with increase in sub-G1 populations at 60 μg/ml (8.5%) and 100 μg/ml (10.8%) compared to untreated control cells. Data showed no marked changes in cell cycle profile of MO59J cells of all doses. Cell populations arrested at S and G2/M in MO59K cells pre-treated with NU7026 were significant only at 100 μg/ml (6.6-fold, *p* \< 0.01). It is also noteworthy that NU7026 pre-treated MO59K cells showed dose-dependent increase in sub-G1 population and were significant at 60 μg/ml (∼30%, *p* \< 0.01) and 100 μg/ml (∼33%, *p* \< 0.01) as compared to Ag-np treated MO59K cells alone (Figure [7](#F7){ref-type="fig"}B). There was 1.5-fold increase in G2/M in CHO AA8 cells at 20 μg/ml and 60 μg/ml and only 1.3-fold at 100 μg/ml compared to untreated cells. Percentage of cells in sub-G1 population increased slightly with increasing dose which is not statistically significant. There is 2.2- and 2.4-fold increase in G2/M in CHO V33 cells at 60 and 100 μg/ml (*p* \< 0.05), respectively compared with untreated control. Minimal increase in sub-G1 populations detected in CHO V33 cells. In CHO AA8 cells pre-treated with NU7026, there was 1.5-fold increase in cell population at G2/M phase at 60 μg/ml and this fold increase remained at 100 μg/ml of Ag-np treatment (Figure [7](#F7){ref-type="fig"}C).

![**Cell cycle analysis by flow-cytometry**. Cell cycle histograms for **(A)** IMR-90 cells, **(B)** MO59K cells and MO59J cells, and **(C)** CHO AA8 cells and CHO V33 cells after 48 h exposure to Ag-np and NU7026 (10 μM) as measured by propidium iodide staining. Markers were set at regions of interest (subG1, G1, S, and G2/M), and the percentage of cells (events) under each area was generated using Microsoft excel.](fgene-03-00104-g007){#F7}

The data obtained in this study demonstrate two major scenarios following nanoparticle treatment in mammalian cells when DNA-PKcs is absent or inhibited. The efficacy of DNA repair was compromised and more cells were either arrested at S or G2/M phase to enable the repair of Ag-np induced DNA damage as shown in CHO V33 cells and in NU7026 treated CHO AA8 cells. Lack of functional DNA-PKcs following NU7026 in MO59K cells might have caused elevated DNA damage which was beyond repair thereby resulting in cell death. The cell cycle analysis has indirectly implied the importance of DNA-PKcs in the repair of Ag-np induced DNA damage.

Discussion
==========

DNA damage and repair dynamics following Ag-np treatment are not well understood. Thorough investigation of these mechanisms could shed light on the mechanisms of toxicity as well as potential therapeutic applications of nanoparticles. Here, we demonstrate for the first time that Ag-np with average size of 20 nm and negative zeta potential (−0.309 ± 0.13 mV) are able to trigger DNA repair pathway particularly NHEJ repair pathway. Deficiency or inhibition of NHEJ repair pathway sensitized cells to Ag-np. The combined effect of small size and negative surface charges on Ag-np are believed to be the main contributors to our observed results. Ag-np of 20 nm can easily penetrate cell (Asharani et al., [@B6]). Toxicity of nanoparticles could have been enhanced with their negative zeta potential as previously shown in our laboratory that Ag-BSA and Ag-PVA bearing negative surface charges show a high affinity for the cell membrane and, as a consequence, are captured by cells with higher efficiency (Wilhelm et al., [@B56]; Patil et al., [@B36]; Asharani et al., [@B8]). Possibly, through electrostatic interaction with positively charged cell surface receptors or nuclear import receptors, negatively charged Ag-np further entered the nucleus generating stress to the genomic material.

Deficiency or pharmacological inhibition of DNA-PKcs has increased sensitivity to Ag-np induced genotoxicity and cytotoxicity. DNA-PKcs plays a direct role in DSBs repair by acting as a key component of NHEJ and defects in kinase activity result in radio- and chemosensitivity (Allalunis-Turner et al., [@B2]; Bentle et al., [@B10]). The NHEJ repair mechanism was assumingly impaired in the absence or functional loss of DNA-PKcs (Burma and Chen, [@B12]). We speculate that the repair capacity for Ag-np induced DNA damage was compromised which resulted in extensive DNA damage and contributed to genomic instability of cells. Since one implication of DNA damage is cell cycle arrest (Pellegata et al., [@B37]), the transient delay at G2/M phase of cell cycle and decrease in cell viability of DNA-PKcs deficient or inhibited cells could have been due to extensive DNA damage.

In this study, differential susceptibility to Ag-np was observed in MO59J cells and CHO V33 cells despite the fact that both cell types are deficient in DNA-PKcs. CHO V33 cells are highly susceptible to Ag-np as demonstrated by the data obtained in cell viability assay, Comet assay, CBMN assay and cell cycle analysis. In contrast, MO59J cells displayed significant resistance to Ag-np as a deviation from our hypothesis that DNA-PKcs deficiency rendered cells more susceptible to Ag-np. Prolonged absence of DNA-PKcs in MO59J cells might have caused inadequate regulation of p53. The cell death stimulus imbalance, i.e., increased levels of anti-apoptotic Bcl-2 and decreased expression of pro-apoptotic Bcl-2 members (Bak and Bax), could have contributed to the higher resistance in MO59J cells (Chen et al., [@B15]). Another possibility for remarkable resistance of MO59J cells against Ag-np cytotoxicity may be that these cells are unable to quickly liberate toxic Ag^+^ from the accumulated Ag-np but rather store Ag-np in non-toxic form, as such accumulation of Ag-np was observed in a recent study (Luther et al., [@B30]). In addition, this observation can also be considered as a form of cancer cell adaptation (Di Nicolantonio et al., [@B16]). We speculate that resistance genes are up-regulated under unfavorable condition to facilitate cancer cell survival by conferring protection to MO59J cells against Ag-np in both cellular and macromolecular aspect, causing M059J cells to become less susceptible to Ag-np. Since CHO V33 cells are stable and immortalized hamster cells deficient in DNA-PKcs, the adaptive mechanism in cancer cells is unlikely to be triggered in the CHO V33 cells and hence it is plausible that these cells are more susceptible to Ag-np.

Persistence or enhancement of DNA damage was observed in DNA-PKcs deficient or inhibited cells. On the contrary, efficient recovery of DNA damage was evident in normal human cells. Human cancer cells and immortalized rodent cells may express receptors, ligands, or functional group such as sulfate on cells surface which are not expressed in normal human cells (Moghimi et al., [@B31]). These surface moieties can either facilitate the uptake of Ag-np into intracellular region or they may have higher affinity for Ag-np which allows intake of greater amount of Ag-np into the cells. Moreover, Ag-np are metallic nanomaterials. Longer time frame is needed to expel these nanoparticles from cells via exocytosis (Asharani et al., [@B6]) which suggests that short-term recovery (48 h) is insufficient to remove Ag-np from cells. This could have resulted in the persistence or enhancement of DNA damage in human glioblastoma cells and Chinese hamster cells. The lack of certain surface molecules in normal human cells may render them less susceptible for Ag-np uptake and binding (Moghimi et al., [@B31]). In addition, alternative repair mechanisms such as homologous recombination (HR) can be triggered at the same time (Takata et al., [@B52]) to safeguard the genome when NHEJ is inhibited in normal cells to faithfully maintain the genome to counteract potentially mutagenic and cytotoxic insults (Lindahl and Wood, [@B29]). This could be another reason for efficient recovery in normal cells.

DSBs activate an array of responses which lead to damage repair and continuation of cellular life (Hopfner et al., [@B21]). In mammalian cells, DSBs initiate the generation γ-H2AX foci, which function as essential indicators for recognition and repair of DSBs (Kinner et al., [@B25]). We show in this study that Ag-np induce DSBs as indicated by the presence of γ-H2AX foci. DNA damage response is presumably initiated (Sanchez-Perez, [@B46]) to trigger NHEJ repair pathway as evidenced by DNA-PKcs phosphorylation (serine 2056). Activation of NHEJ repair pathway is a crucial defence mechanism evolved to combat the potential deleterious consequences of DNA damage for maintaining genomic integrity. However, lack of proper NHEJ repair in DNA-PKcs deficient or inhibited cells results in cell death or survival of cells with mis-repaired DNA, which may then lead to tumorigenesis. Under these circumstances it may be advantageous for cells with severely damaged DNA to convert into lethal events, promoting cell death instead of transformation (Sanchez-Perez, [@B46]).

We have observed a lower level of γ-H2AX protein in MO59J cells and CHO V33 cells compared to MO59K cells and CHO AA8 cells respectively, despite higher amount of DNA damage observed in particular in Ag-np treated CHO V33 cells. On the contrary, γ-H2AX expression increased in both IMR-90 cells treated with Ag-np alone and with NU7026 and Ag-np. It was previously reported that DNA-PKcs and ATM can complement each other in H2AX phosphorylation (Quanz et al., [@B41]; Shrivastav et al., [@B48]). When DNA-PKcs activity was inhibited by NU7026 in IMR-90 cells, ATM was presumably activated to phosphorylate H2AX as an effort to trigger DNA repair machinery. These opposing results in human glioblastoma cells and Chinese hamster cells could be explained due to the dominant role played by DNA-PKcs in regulating H2AX phosphorylation in response to DNA damage (Reitsema et al., [@B42]; Mukherjee et al., [@B33]; An et al., [@B3]) due to the reduced level of ATM in both MO59J cells and CHO V33 cells (Kuhne et al., [@B26]; Peng et al., [@B38]), which has made H2AX phosphorylation unattainable. Based on this observation, we speculate that the DSBs are induced albeit under detected due to the fact that H2AX is not phosphorylated efficiently when DNA-PKcs is lacking in MO59J cells and CHO V33 cells (An et al., [@B3]).

ATM activation as evidenced by phosphorylation was also noted in DNA-PKcs proficient cells after Ag-np treatment. Although some studies have shown that ATM might be involved in single-strand breaks repair (Nur et al., [@B35]) and HR (Morrison et al., [@B32]), it also plays a vital role as transducer in general damage-signaling and DSB repair (Riballo et al., [@B43]; Zhou and Elledge, [@B57]). This explains the activation of ATM in normal human cells, DNA-PKcs proficient human glioblastoma cells and Chinese hamster cells in response to DNA damage induced by Ag-np. Interestingly, we found no change in phospho-ATM level in Ag-np treated DNA-PKcs deficient cells though greater total DNA damage observed. Previous studies correlated the reduced ATM level in these cells to the truncating mutations in both ATM alleles (Tsuchida et al., [@B53]) and p53 (Anderson and Allalunis-Turner, [@B4]). Peng et al. ([@B38]) also reported that DNA-PKcs deficiencies could have consequences in processes connected to the network of damage response pathways controlled by ATM that have not been recognized previously which causes down-regulation of ATM.

Conclusion
==========

Based on the data obtained in the present study, it can be concluded that DNA-PKcs deficiency or inhibition impairs NHEJ repair pathway, renders cells to higher susceptibility to Ag-np induced DNA damage and genome instability. DNA-PKcs is an essential component of DNA DSB repair that serves as defence mechanism in cells in response to Ag-np and lack of functional DNA-PKcs sensitize cells to Ag-np induced genotoxicity and cytotoxicity. Normal human cells are less susceptible to Ag-np compared to human glioblastoma cells and Chinese hamster cells. Clearly, further studies are required to understand the molecular interplay and physiological response by which DNA-PK protects cells against Ag-np. Pharmacological inhibition of DNA-PKcs can act as a potent target in cancer cells to enhance the efficacy of Ag-np. The combination of Ag-np treatment and DNA-PKcs inhibition may provide new avenues for the development of novel anticancer therapeutics.

Materials and Methods
=====================

Synthesis of polyvinyl alcohol (PVA) capped Ag-np
-------------------------------------------------

PVA (150 mg, MW: 16,000 g/mol, Sigma-Aldrich, USA) was dissolved in 15 ml of boiling ultrapure water. Ag-np capped with PVA were synthesized by reducing AgNO~3~ solution (1.5 mM) with 0.02 g of NaBH~4~ (Sigma-Aldrich, USA), followed by the addition of PVA solution, under constant stirring at 500 rpm at room temperature. A color change of the solution to light brown color indicated Ag-np formation. Stirring was continued for 2 h. The nanoparticle solution was centrifuged at 25,000 rpm for 1 h and resuspended in ultrapure water to remove traces of reducing agent and unbound PVA. The washing was done twice. The final pellet was lyophilized overnight (Labconco, USA).

Characterization of Ag-np
-------------------------

The lyophilized Ag-np pellet was resuspended in ultrapure water and sonicated to prepare a homogenous nanoparticle suspension. The shape of the nanoparticles was determined by transmission electron microscope (JEOL JSM 1220, JAPAN) analysis. Presence of Ag-np was confirmed by performing Ultraviolet (UV) visible spectroscopy (Agilent, USA). Additionally, a size and charge distribution of the pure nanoparticle suspension was recorded on Zetasizer Nano ZS (Malvern, UK) and analyzed with Dispersion Technology Software (DTS, Malvern, UK). The elemental composition of nanoparticles synthesized was determined using Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES, Perkin Elmer, USA).

Cells, cell culture, and treatment with nanoparticles and DNA-PKcs inhibitor
----------------------------------------------------------------------------

Five commercially available cell types were used in this study, apparently normal human fibroblasts, IMR-90 (Coriell Cell Repositories, USA); human glioblastoma cells, M059K (CRL-2365) and M059J (CRL-2366; American Type Culture Collection, USA); and Chinese hamster ovarian cells, CHO AA8 and CHO V33 (kindly provided by Dr. Paul Wilson, Lawrence Livermore National Laboratory, Livermore, CA, USA). MO59K and CHO AA8 cells express normal level of DNA-PKcs. Both MO59J and CHO V33 cells are deficient in DNA-PKcs expression and activity (Lees-Miller et al., [@B27]; Natarajan et al., [@B34]). IMR-90 cells at passage 18 ± 2 were maintained in modified eagles medium with glutamine (MEM, Gibco, Invitrogen, USA) supplemented with 15% fetal bovine serum (FBS), 2% essential amino acids, 1% each of non-essential amino acids, vitamins, and penicillin streptomycin (Gibco, Invitrogen, USA). MO59K and MO59J cells were maintained in Dulbecco's modified eagles medium (DMEM, Sigma-Aldrich, USA) supplemented with 10% FBS and 1% penicillin streptomycin. CHO AA8 and CHO V33 cells were maintained in MEM alpha medium with glutamine, ribonucleosides, and deoxyribonucleosides (MEM α, Gibco, Invitrogen, USA) supplemented with 10% FBS and 1% penicillin streptomycin. All cells were maintained in a humidified 5% CO~2~ incubator at 37°C. Stock solution of an organic based DNA-PKcs inhibitor NU7026 (2-(morpholin-4-yl)-benzo\[*h*\]chroomen-4-one, Calbiochem, USA) were prepared in dimethyl sulfoxide (DMSO, AppliChem, Germany) and working concentration (10 μM) were made from the stock solution using complete cell culture medium. Stock solutions of nanoparticles (5 mg/ml) were prepared in autoclaved distilled water and diluted to the required concentrations using the complete cell culture medium. Appropriate concentrations of Ag-np stock solution were added to the cultures and incubated for 48 h.

Cell viability assay
--------------------

Following NU7026 and/or Ag-np treatment, the viability of the treated cells was measured using CellTiter-Glo^®^ luminescent cell viability assay (Promega, USA) as described in our previous publication (AshaRani et al., [@B7]). For cell viability assay, 5 × 10^3^ cells per well were plated in transparent 96-well plates (Corning, Costar, USA) and treated with various concentration of Ag-np (20, 40, 60, 80, and 100 μg/ml) for 48 h. The CellTiter-Glo^®^ reagent and cell culture mixture were then transferred to white opaque walled 96-well plates (Corning, Costar, USA) for measurement of luminescence using plate reader (Tecan, Switzerland). Following which 100 μg/ml dose was selected for subsequent studies.

Cell cycle analysis
-------------------

Approximately 5 × 10^5^ cells were seeded in 100 mm tissue culture dish (Falcon, USA). Following treatment with NU7026 and/or Ag-np, cells were harvested, washed in 1 × phosphate-buffered saline (PBS, 1st Base, Singapore) and fixed in 3:1 70% ethanol:PBS and stored at −20°C. Fixed cells were then washed with 1× PBS and stained with propidium iodide (PI, Sigma, USA): RNase A (Roche, USA) solution (2 mg propidium iodide and 2 mg RNaseA/100 ml in 1× PBS). Samples were analyzed by flow cytometry (FACS Calibur™, USA) at 488 nm excitation λ and 610 nm emission λ. A total of 10,000 cells were collected and data obtained was analyzed using Summit 4.3 software.

Western blot analysis
---------------------

Cells were seeded as described above and harvested 48 h after Ag-np treatment. Total cellular protein was extracted by lyzing cells in 50--200 μl lysis buffer (10 mM Tris-HCl \[pH 7.4\], 1% SDS, 1 mM sodium-ortho-vanadate in distilled H~2~O) for 60 min at 4°C. The whole cell lysate was recovered by centrifugation at 13,200 rpm for 60 min at 4°C. The supernatants were collected. Protein concentrations were determined using Quick Start™ Bradford Protein Assay (Bio-Rad, USA) with bovine serum albumin (BSA, Sinopharm Chemical Reagent, China) as a standard. One hundred micrograms protein from each sample was resolved on a 7.5% SDS-Polyacrylamide gel and transferred onto a nitrocellulose membrane (Bio-Rad, USA). Membranes were blocked for 60 min with 5% non-fat milk in TBS-T (0.1% Tween-20) (Sigma, USA) in 1 × TBS (0.1 M NaCl, 0.1 M Tris pH 7.4 in ddH~2~O; All purchased from NUMI, National University of Singapore). Subsequently, membranes were immunoreacted with primary antibodies against proteins of interest overnight at 4°C. The membrane was then incubated in secondary antibody conjugated to HRP for 60 min at room temperature. The protein bands were visualized using Chemiluminescence substrate (chemiluminescence Reagent Plus, Perkin Elmer, USA) followed by exposure to X-ray film (Pierce, USA).

Alkaline single-cell gel electrophoresis (comet assay)
------------------------------------------------------

Ag-np treated cells were harvested and Ag-np induced DNA damage was detected using alkaline single-cell gel electrophoresis (Comet assay) as described in our previous publication (Poonepalli et al., [@B40]). Approximately 2 × 10^5^ cells were seeded in 6-well plate (NUNC, Thermo Fisher Scientific, Singapore). Following 48 h treatment, cells were harvested and alkaline electrophoresis was performed to detect DNA damage induced. A total of 50 nuclei per sample were randomly selected and scored with Comet Analysis Software (Metasystems, Germany). The images were captured using Zeiss Axioplan 2 imaging fluorescence microscope (Carl Zeiss, Germany) equipped with triple band filter. The tail moments of the nuclei which corresponded to the fraction of the DNA in the tail of the comet, were measured as a function of DNA damage.

Cytokinesis-blocked micronucleus analysis (CBMN)
------------------------------------------------

Cytokinesis-blocked micronucleus analysis (CBMN), an established biomarker for genomic instability was carried out to evaluate the susceptibility of cells to Ag-np induced chromosomal damage endpoint (micronuclei). Approximately 5 × 10^5^ cells were seeded in 100 mm tissue culture dish. The cells were treated with Ag-np for 48 h and further incubated with cytochalasin B (Sigma, USA, 4 μg/ml) for 22 h. Cells were harvested and the assay was performed as described in our previous publication (AshaRani et al., [@B7]). Micronuclei originate from either lagging chromosomes or chromosome fragments which excluded from daughter nuclei following nuclear division prior to cytokinesis. Cytochalasin B was added to stop dividing cells from performing cytokinesis, thus allowing cells that have completed one nuclear division to be recognized by their binucleate appearance. Fixed cells were stained with acridine orange that allows differential staining of nuclear material and cytoplasm. One thousand binucleated cells were scored under Zeiss Axioplan 2 imaging fluorescence microscope equipped under FITC-TRITC filter, and the number of micronuclei was recorded. The analysis was performed according to a reported procedure (Hande et al., [@B19]).

γ-H2AX foci assay
-----------------

Approximately 2 × 10^4^ cells were seeded in 6-well plates (Greiner Bio-One, USA) and treated with Ag-np for 48 h. Cells were washed once with 1× PBS, fixed with 4% formaldehyde for 15 min and permeabilized with 0.2% Triton-X for 5 min. Cells were blocked in 3% BSA for 60 min at room temperature. Cells were incubated in monoclonal γ-H2AX antibody (Millipore, USA, 1:300 3% BSA) for 60 min at room temperature. Unbound antibody was removed by washing three times with 1× PBS and further incubated in secondary antibody conjugated with Fluorescein isothiocyanate (FITC, Santa Cruz Biotechnology, USA, 1:600 FITC/3% BSA) for 60 min. Cells were washed three times with 1× PBS and mounted with slow fade 4', 6-diamidino-2-phenylindole (DAPI, Vector Laboratories, USA). Fifty cells per sample were captured randomly with Zeiss Axioplan 2 imaging fluorescence microscope equipped with appropriate filters. Number of foci on each cell was recorded.
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